An electrooptic birefringence technique was employed to study the effect of particle size, saturating cation, and clay type on the rotational diffusion coefficient (a measure of the rate at which the particles rotate or relax within the solution) from a preferred orientation. These studies help elucidate the nature of the cation-water environment near the clay particles.
INTRODUCTION
It is generally accepted that the properties of the water adsorbed at clay-water interfaces are related to the type of clay and its exchangeable ions. The conditions under which such systems are studied are usually much different than those found in the soil. At one extreme the particles have, at most, several layers of water surrounding them and, at the other extreme, the particles are in a dilute aqueous suspension. While less than ideal, both approaches lend themselves to specialized techniques that can further the understanding of clayqon-water systems. Although the techniques vary and the water status of the systems differs, most studies of these types entail measuring some physical quantity and relating it to some clay-ion-water scheme.
Early work by Hauser and LeBeau (1938) , using pycnometers, showed that the apparent specific gravity of bentonite was lowest at about 0.1% clay by weight and increased to a plateau at about 2% clay. Low and Anderson (1958) , who also used pycnometers, found the apparent density was constant between 2 and 13% clay but varied with the exchangeable cation. Miller et al. (1974) presented evidence * Supported by the Illinois Agricultural Experiment Station, Urbana, IL, U.S.A. using a magnetic float densitometer which supported the lower apparent densities at very dilute montmorillonite concentrations. Their values, with different exchangeable cations, followed the same trend as presented by Low and Anderson (1958) , suggesting that characteristics of the cations play an important role in clay-water systems.
The exchangeable cations also appear to have profound effects on other properties of clay-water systems. The surface conductivity (Fripiat et al., 1965) ; weight conductance (Davey and Low, 1968; van Olphen, 1957) , and specific viscosity (Brown, 1971 ; van Olphen, 1957) of montmorillonite, among other properties, are known to be influenced by the saturating cation. These observations may be related to those of who have attributed the main difference in ion adsorption properties on clays to the energy with which these cations adsorb water molecules. This line of reasoning is further substantiated by the conductance activation energy studies of Miller and Brown (1969) who worked with A13 § and Na+-montmorillonite.
While many properties of clay-ion-water systems have been attributed to the ions, it stands to reason that the ion distribution very near the clay particle is related to the chemical composition of the mineral. The adsorbed water is the common factor in most clay-ion-water systems. Anderson and Low (1958) observed a 2-3~o decrease in the density of adsorbed water when approaching a clay particle from 60 A to a distance of only 10 A. Deeds and van Olphen (1963) estimated the packing density of interlayer water molecules in bentonite to be roughly 5~ below that in normal water but found no evidence of abnormal water densities at distances beyond about 5 A, which corresponds to one or two monomolecular layers from the clay surface.
Although the cations and their distribution appear to affect water properties in the proximity of clay particlesl these alterations also have been attributed to the intrinsic properties of the clay. Davidtz and Low (1970) found that the free swelling of clays is dependent on the.degree of isomorphous substitution in the octahedral layer. Ravina and Low (1972) showed that the free swelling decreased as the dry state b-dimension increased. Upon the addition of water to these clays, the b-dimension increased to a spacing of about 9.0 A, with the change in b-dimension being proportional to the free swelling.
The work reported by Schepers and Miller (1974) shows that some aspects of clay-ion-water interactions can be interpreted from the rotational diffusion coefficient as determined by the technique of electrooptic birefringence and suggests that clay-cation forces probably account for the cation distribution around the clay particles. These cations are intimately related to the water in the system and are a vital link in any clay-ion-water phenomenon. As a result of the earlier studies, this technique has been used to determine the rotational diffusion coefficient as affected by exchangeable cations, clay type, and particle size.
MATERIALS AND METHODS
The <2#m fractions of a Wyoming montmorillonite, Otay montmorillonite, hectorite, and nontronite* were separated by sedimentation. All clays were saturated with NaC1, washed free of excess salts and size fractioned (Schepers and Miller, 1974) . Portions of size fraction 6 of Wyoming Na-montmorillonite (No. 25) were saturated with the chloride salts of K, Li, Ca and Mg and washed free of excess electrolytes.
Particle sizes of fractions 4, 5, 6, and 7 for Wyoming Na montmorillonite (No. 25) and fraction 60tay montmorillonite were determined from electron micrographs, using an RCA model EMU-4 electron microscope at a magnification of 14,350. All samples were sonicated in a Savant model 500 insonator prior to analysis in an effort to reduce cluster formation.
A clay concentration of 0.071~ o (Schepers and Miller, 1974) was used in all cases except for nontronite, where a concentration of 0.162% was used. A pulse duration of 10 m-sec was used in each analysis. A linear regression analysis was performed on the data collected from the conventional birefringence trace as displayed by an oscilloscope. Ultimately, the -rotational diffusion coefficient (D) was calculated, as outlined in detail by Schepers and Miller (1974) , and subsequently used to indirectly study the nature of clay-ion-water interactions.
RESULTS
The effect of different cations on the rotational diffusion coefficient is shown in Figs. 1 and 2 for the permanent (De) and induced dipole (Dg), respectively. In the low voltage or permanent dipole range, the effect of cations on Dp is Na > Li > K with Ca and Mg showing no significant birefringence with the short-duration pulse (Fig. 1 ). These latter two clays did show limited birefringence at low voltages when longer-duration pulses were imposed upon them. Once the voltage was great enough to induce a dipole and cause a reorientation of the particles (35 V for Na-montmorillonite), the divalent cation saturated clays showed birefringence and the order was K > Li > Na > Ca > Mg (Fig. 2 ). It should be noted that with the three monovalent cations a transition (dashed line), indicating incomplete particle orientation, was observed with the 10 m-sec pulse; however, maximum birefringence was observed with longer-duration pulses. This transition was not observed with the divalent cations (Fig. 2 ). The voltage giving complete orientation is about the same for K and Li (--~80 V) but is much lower for Na (-~60 V), suggesting that it is even lower for Ca and Mg and may not have been observed. This trend is consistent with the change in D r as a function of/he cation. Since the saturating cation and, presumably, the double-layer thickness had a pronounced effect on D, the particle size was determined. Perrin's equation (Schepers and Miller, 1974) shows that particle size also should have a major effect on D. Table 1 lists the particle sizes of the four fractions used, and Figs. 3 and 4 show the effects of particle size on the permanent and induced dipoles. The large particle size, fraction 4, produced only a small amount of birefringence at low voltages in the permanent dipole range (Dp) before the increased voltages caused realignment of the particles. The Dp for fraction 5 increased very rapidly with voltage, suggesting that the induced dipole was dominant. Both fractions 6 and 7 gave a relatively constant Dp at lower voltages before the rapid increase in D at about 35 V. This rapid increase is believed to be due to the initiation and then dominance of the induced dipole causing particle reorientation. Note that the order of Dp was 4 > 5 > 6 > 7; the smaller fractions had a lower D or relaxed slower (Fig. 3) . It is not known whether the composition of the clay varied with particle size, as indicated by Kerns and Mankin (1967) , or if he charge distribution on the clay surface was nonrandom, but either may support the trend in D of the low-voltage, permanent dipole-oriented particles.
In the higher voltage, induced-dipole range, all fractions gave maximum birefringence, with only fraction 4 not producing a change in D I with voltage. In contrast to Dp, the order of DI with size was 7 > 6 > 5 > 4; the smaller particles had the largest D or relaxed fastest. Since D has units of reciprocal time, the larger the value for D, the faster the relaxation or the faster the particle is turning. The role of mineral structure in clay water interactions has received increasing attention in recent years (Davidtz and Low, 1970; Ravina and Low, 1972 ). Low and co-workers have shown that there is a change in the clay b-dimension with water content which relates to water properties in some way. Table 2 gives the chemical formulas of the four 2:1 clays used in this study. Figures 5 and 6 show how Fig. 5 . The rotational diffusion coefficient (Dp) for two sodium saturated fraction 6 clays as a function of pulse voltage (specific conductance = 0.08 mmhos cm-1).
the particle sizes were. Since D does vary with size ( Figs. 3 and 4) , the data in Figs. 5 and 6 may not be strictly comparable. Nevertheless, they do show qualitative differences. Only Wyoming montmorillonite and nontronite showed a permanent dipole (Fig. 5) , whereas all four clays showed an induced dipole (Fig. 6 ). Note that Dt for Otay montmorillonite is much larger than for the other clays.
DISCUSSION
That exchangeable cations affect water-related properties is well known and the effects often follow the order Na > Li > K ( Ravina and Low, 1972) . This is the same order as found for Dp (Fig. 1 ), but the opposite order was observed for D I (Fig. 2) . Ravina and Low (1972) note that the latter series (K > Li > Na) is that in which the cations are fixed or rendered less exchangeable upon drying. That this is the explanation of these data is unlikely, as the clays were never dried after saturation and size separ2 ation. It would seem that the orders observed for both Dp and DI relate more to the double layer of the clay as affected by the cations. Schepers and Miller (1974) have hypothesized that the larger values of D could be explained by particle rotation within the double layer at perhaps the shear plane and, as D decreased, the particles were rotating with wate~ cation shells. Although the ionic hydration characteristics are in the order Li > Na > K , the apparent equilibrium coefficient for Wyoming montmorillonite (Tabikh, Barshad and Overstreet, 1960) and activation energies for ion transfer (Ravina and Low, 1972 ) support the doublelayer development being Na > Li > K. Thus, at full double-layer development where the potential becomes very small, the cation-clay interaction would be the least with Na and the greatest with K, since the double layer extends further for the Na-saturated clay. Assuming the same number of cations within the double layer, the cation density would be the least with Na and allow Na montmorillonite to rotate in its shell the easiest. Most of these suggestions are compatible with double-layer theory where there can be movement at the shear plane of either the particle or the surrounding solution, depending on the driving forces. Upon induction of a dipole, the order will be affected by the ease of distortion of the cation swarm, which results in an induced dipole; D 1 should follow this order. The effect of the cations on the activation energy for ion transfer in these systems is Na > Li > K ( Ravina and Low, 1972) , which means that the K ions move easiest and should be distorted the easiest, giving DI the order K > Li > Na. The C~ and Mg-montmorillonites relax even more slowly because these cations are held to the clay with even greater energy. This suggests that not only were the clay particles and their water hulls turning, but also that the viscosity was greater.
The effects of particle size on the birefringence orientation mechanism and rate of relaxation are illustrated in Figs. 3 and 4 . The near constant Dz for a given size fraction over a range of high voltages differentiates the various fractions (Fig. 4) . The effective particle sizes (diameter), predicted by Perrin's equation with Dz taken for a 70-V pulse, are 1.1 /~m, 0.94 /~m, 0.74 /tm and 0.59 #m for fractions 4, 5, 6 and 7, respectively. A comparison of these sizes with those measured from micrographs (Table 1) suggests a considerable shell of associated water. In each case, this shell of water exceeds that accounted for by double-layer theory ( Fig. 10 ; Schepers and Miller, 1974) , again suggesting that to account for DI not only must the particle and its hull be turning, but that the viscosity must be greater than that of normal water. Schepers and Miller (1974) , in seeking a reasonable explanation for their data, suggest that the rotational diffusion coefficient could be broken into two com-ponents, a permanent and an induced dipole. They explained the induction of a dipole by suggesting that the high voltages cause a distortion of the doublelayer cations. If this is true, there could be enough size change to account for the lowered D. Unfortunately, there is no way of knowing what these sizes may be. The effective particle size could be that of the particle plus a double-layer water shell with a greater viscosity, or the particle and a hull greater than that predicted by double-layer theory.
Birefringence at low voltages was minimal for fraction 4, intermediate for fraction 5, and optimum for fractions 6 and 7. Similar results have been observed by Shah et al. (1963) for the orientation of bentonite suspensions. A change in chemical composition as a function of particle size could account for the data. It is not certain if these low voltages only partially orient a majority of the particles or completely orient a few particles; however, the random nature of a majority of the particles in the latter case would probably cancel out any birefringence. A comparison of the D's for fractions 6 and 7 is in contrast to those expected from Perrin's equation, again suggesting particle rotation within the double layer.
It is not uncommon for materials, due to their chemical composition, to act differently in an electric field than in the absence of one. Some elements are attracted to a magnetic field and termed paramagnetic, such as Fe 3 +, which has three unpaired electron spins. Other elements that have paired electron configurations, such as Mg 2 +, Li +, and A13 +, are repelled by magnetic fields and termed diamagnetic (Moore, 1963) . These diamagnetic forces are several orders of magnitude weaker than the paramagnetic forces of the iron.
The presence of an electric potential across the electrodes of the Kerr cell is necessary for current to flow through an electrolyte solution and thereby create a magnetic field. Suspended clay particles within the dilute electrolyte solution may then respond to the magnetic field much as in the electrophoresis process. The short duration of the magnetic field facilitates the orientation of the clay particles with limited migration of the particle toward an electrode. It is then reasonable to expect that those clay minerals with Fe 3+ substituted for A13 § in the octahedral layer might respond to an electric field. A structural comparison of the four clays (Table 2) indicates that hectorite has no octahedral iron but the others have various amounts of Fe 3 +. Consequently, the clays should respond differently to electric fields, as shown in Fig. 5 . The Wyoming montmorillonite and nontronite were the only two clays which demonstrated birefringence at low voltages. This corresponded to their iron content. While the two clays were fractionated by the same centrifugation process, they have different shaped particles and thus the D's cannot be directly related. However, it was noted that nontronite maintained the permanent dipole orientation at higher voltages (>50 V) before the induced mechanism could overcome a large permanent dipole. If this is true, it implies that the low iron content of Otay montmorillonite was not sufficient to cause permanent dipole orientation.
At higher voltages, where induced dipole orientation predominates, the D e was lower than Dp except for the Otay montmorillonite, where no low voltage orientation was observed. Considering the rod shape of the nontronite and hectorite, it is not surprising that they have a low Dr and relax quite slowly. Why there is so much difference between the Otay and Wyoming montmorillonite is not obvious. It cannot be accounted for by differences in size, as seen from Table 1 and Fig. 4 . It is possible that it is due to iron content. The Wyoming clay contains five times the iron that Otay does and its D I is about one-fifth, suggesting that iron has a residual dipole that persists for some time after voltage termination. Such a residual dipole would maintain the cation distortion longer, retard relaxation, and lower DI. Similar reasoning cannot be extended to nontronite because of its shape.
If the two different rotational diffusion coefficients are due to a dipole characteristic of the clays, it is possible to calculate their dipole strength. The torque, M, on a particle is given by
where dO/dt is the angular velocity during orientation, k is the Boltzman constant, T is absolute temperature, and D is the rotational diffusion coefficient (O'Konski et al., 1959) . Torque is also given by M = 8 mm' lljr 3 (2) where m and m' are the pole strengths of the particle and the field, respectively, l is the particle radius, l' is the half distance of the cell, and r is equal to l'-I (Handbook of Chemistry and Physics). Equating equations 1 and 2 and rearranging gives
which was used to calculate the dipole strengths given in Table 3 . Using this equation to calculate an induced dipole strength is only approximate. Equations for this are not available to our knowledge; nevertheless, relative values can be obtained. It is seen that the dipole strength for the Otay clay is an order of magnitude less than for the Wyoming clay, indicating Fig. 3 , and a dO/dr of 78.5 rod/sec were used to calculate the dipole strengths, as given in Fig. 7 .
As particle size increases, the dipole strength decreases and appears to be leveling out at about 0.5 #In. With the exception of the larger fractions, a pronounced permanent dipole is indicated by the large dipole strength. In contrast, the Otay montmorillonite exhibited no permanent dipole birefringence under our conditions. A compositional comparison of the Otay and Wyoming montmorillonite found in Table  2 suggests that the amount of iron in the former is too small to create a permanent dipole. This, in turn, suggests that the iron content of the larger fractions of Wyoming montmorillonite are approaching this amount. Thus, the iron content of the smaller fractions is probably greater than that given by the formula and that of the larger fractions may be approaching zero.
These studies show that the rate at which a particle relaxes from a preferred orientation is affected by particle size, saturating cation, and the type of clay. Assuming the Perrin equation is valid, the data cannot be accounted for by using a normal water viscosity and the measured particle size, even if the error of particle size measured is greatly increased. It is not likely that the particle size determination or birefringence samples contain an aggregation of particles, since both were sonicated immediately before analysis. However, it was observed that nonsonicated samples showed reduced birefringence, suggesting some degree of aggregation. Either the rotating moiety has to be larger (i.e. be a particle plus a water hull), or the viscosity greater, or in some cases, both. Nevertheless, these results show that the environment surrounding the clay is not that of normal water or a normal salt solution. The data suggest that the primary event is clay-cation interaction and that water properties are altered as a consequence. It must be realized that these measurements are not an average for the whole clay-water system but, rather, are a measure of the clay's immediate environment and should be a good indication of what effects clay-ion water interactions have.
